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This paper discusses the integrated design of parallel manipulators, which exhibit varying
dynamics. This characteristic affects the machine stability and performance. The design
methodology consists of four main steps: (i) the system modeling using flexible multibody
technique, (ii) the synthesis of reduced-order models suitable for control design, (iii) the
systematic flexible model-based input signal design, and (iv) the evaluation of some possible
machine designs. The novelty in this methodology is to take structural flexibilities into
consideration during the input signal design; therefore, enhancing the standard design process
which mainly considers rigid bodies dynamics. The potential of the proposed strategy is
exploited for the design evaluation of a two degree-of-freedom high-speed parallel
manipulator. The results are experimentally validated.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Mechatronic design deals with the integrated design of mechanical systems and their embedded controllers. Moreover, both
serial and parallel manipulators present configuration-dependent dynamics which inevitably affect the stability and the
performance of the system [1–3]. The correct modeling of the varying dynamic behavior and the control design are essential steps
for designing such machines in an integrated manner.
A computer-aided integrated design platform, which enables the direct assessment of structural and control parameters via
simulation, has been proposed in [3]. This tool allows dynamicmachinemodeling, feedback control system design and closed-loop
system evaluation through simulation. This simulation platform has been used for concurrently designing an industrial 3-axis
serial pick-and-place machine with a flexible gripper arm and its robust feedback controller in [3]. Extensions to this design
platform are hereafter proposed in order to cope with the design of parallel manipulators and flexible model-based input signal
design.
Thedynamicmodeling and control of PKMshave been treated in several recent references [4–9]. Formodel-based feedback control
design, dynamic models of low complexity, including the rigid-body and hydraulic dynamics, have been derived in [4]. Using the
Lagrangian formalism, [5] has derived explicit equations ofmotion for parallel robots. Three different controllers have been compared
by [6] using the co-simulation capabilities of a multibody commercial package. Based on simulation results, [6] concluded that
passivity-based robust control is more suitable for tracking control of PKMs. Based on the rigid-body dynamic model of a PKM, a
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dynamic control is designed by using the computed torque control in [7]. A methodology for optimal kinematic design of parallel
mechanismshas beenproposedby [8]. For a 5-DOFparallelmanipulator, the inverse rigid-bodydynamicmodel is derivedbyusing the
virtual work principle and a position/force switching control strategy is employed and experimentally verified [9]. According to [7],
model-based control is an essential step tomaximize the performance of PKMs, but the research on this topic is insufficient. Themain
reason for that is the difficulty to derive reasonably sized sufficiently accurate models of PKMs. The aforementioned papers [4–9]
assume rigid-body behavior, which is a fair assumption if the machines are stiff enough.
The study of high-speed parallel manipulators has been performed, among others, by [10,11]. An approach that enables the
servomotor parameters of parallel robots for pick-and-place operations to be estimated in an effective manner, using the singular
value decomposition, is proposed by [10]. These parameters include the moment of inertia, speed, torque, and power of the motor
required for producing the specified velocity and acceleration of the end effector. A method of time optimal trajectory planning is
proposed by [11] for a high-speed planar parallel manipulator. That was accomplished by [11] in two main steps. First, the direct
position and inverse position of the manipulator are analyzed. Second, cubic spline functions are used for constructing joint
trajectories for themanipulator andpiecewise cubic polynomials are used tofit the sequence of jointdisplacements for each joint. Both
studies on high-speed manipulators are based on rigid-body assumptions.
In the presentwork, the objective is to design a light body 2-DOFhigh-speedmanipulator considering structural and control aspects.
Therefore,flexibility shouldbe taken intoaccount since itmight causevibrationsyieldinghigher settling times. This canbeaccomplished
by designing input signals based on reduced flexible multibodymodels. Themodel-based input design is based on a polynomial spline
convex optimization proposed by [12,13], which can cope with varying dynamics. This methodology has been extended hereafter to
treatmultiple-input–multiple-output (MIMO) systems.Moreover, due to the proposedmodel reduction strategy, the systemdynamics
can be described in a linear manner which does not jeopardize the convexity of the problem formulation. Combining, extending and
experimentally validating these novel techniques to improve PKMs design are the main novelties in this manuscript.
Using the proposed strategies, input signals are designed based on a flexiblemodel and experimentally validated for a two degree-
of-freedom (DOF) parallel kinematic pick-and-placemanipulator. Thismachine has been designed and built by Fatronik France and is
depicted in Fig. 1. More details on this prototype and its design can be found in [14], including kinematic and dynamic analyses
considering rigid-body motion. A scheme showing the actuators and elements is illustrated in Fig. 2.
The remainder of the paper is organized as follows. The general methodology for modeling and designing a polynomial spline
input signal for machines with varying dynamics is described in Section 2. This methodology is applied to a 2-DOF high-speed
parallel manipulator (Fig. 1). Section 3 presents its dynamical model, the spline input design and the investigation of different
structural configurations. In Section 4, experimental results are reported. Finally, some general conclusions are drawn in Section 5.
2. Methodology description
A mechatronic system is composed of rigid bodies, flexible bodies, joints and control units [3]. It can be modeled as a flexible
multibody system coupled with a control system (see Section 2.1). Flexible multibody models usually contain a large number of
Fig. 1. Prototype Par2: designed and patented by Fundación Fatronik and CNRS [14].
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DOFs and, therefore, may be unsuitable for control design purposes [1], since the complexity of the controller is related to the size
of the model. In order to derive a concise description of the flexible multibody model, a model-order reduction, based on Global
Modal Parameterization (GMP) [15], is applied (see Section 2.2).
A typical control structure for motion systems is shown in Fig. 3, where P represents the plant, Kfb the feedback controller and
uff the input signal (feedforward). The feedback controller guarantees stability and disturbance attenuation, while the
feedforward ensures accurate tracking of the reference r. In this work, only the input signal uff design is derived.
A general framework to synthesize optimal polynomial splines for rigid motion systems has been proposed in [16,17]. This
framework has been extended in [12], by the inclusion of discrete-time linear time-invariant state-space system models in the
convex optimization framework. In this way, the input of rigid-body motion systems can be optimized regarding the trajectory
tracking error, the boundary and the bound constraints on the system input and output. This approach has been extended to
treat linear parameter-varying models (LPV) in [13]. Hereafter, the methodology proposed by [13] is further extended to treat
MIMO systems and to include flexible body motion through GMP, which doesn't jeopardize the problem convexity (see
Section 2.3).
2.1. Flexible multibody systems
A flexiblemultibody system can be described using absolute nodal coordinates [18,19]. Hence, each body is represented by a set
of nodes and each node has its own translation and rotation coordinates. The various bodies of the system are interconnected by
kinematic joints, which impose restrictions on their relative motion. These restrictions can be formulated as a set of m nonlinear
kinematic constraints:
Φðq; tÞ = 0 ð1Þ
where q represents the nodal coordinates of the model.
According to the Lagrange multiplier technique, the formulation of the constrained equations of motion requires the
introduction of a m×1 vector of Lagrange multipliers λ. The dynamics of a feedback controller can be represented by a nonlinear
state-space model with state variables xfb and output variables ufb. Hence, the strongly coupled equations of the mechatronic
system have the general structure [3]:
MðqÞq:: = gðq;q:;w; tÞ + ufb + uff BTλ ð2Þ
0 = Φðq; tÞ ð3Þ
Fig. 2. Scheme of Par2: the actuators and elements.
Fig. 3. Feedback and feedforward structure.
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x
:
fb = fðxfb;q;q:;w; tÞ ð4Þ
ufb = hðxfb;q;q:;w; tÞ: ð5Þ
Eq. (2) represents the dynamic equations of the mechanical system, Eq. (3), the kinematic constraints, Eq. (4), the controller
state equation and Eq. (5), the controller output equation.M is the mass matrix, which is not constant in general, g represents the
internal, external and complementary inertial forces, B= ∂Φ= ∂q is the matrix of constraint gradients, ufb denotes the actuator
forces or torques generated by the feedback control action, uff denotes the actuator forces or torques generated by the feedforward
control action, and w represents the disturbance, noise and reference signals vector. The vector w includes the reference vector r.
Eqs. (2)–(5) are coupled equations of motion and can be solved numerically using an implicit time integration scheme [20].
2.2. Extraction of reduced models
In linear structural dynamics, Component-Mode Synthesis (CMS) provides an appropriate solution for the reduction of a finite
element model. A more drastic reduction, based on the GMP and including all bodies and joints, has been proposed for flexible
multibody systems [3,15].
The total motion q in a flexible multibody system can be decomposed into rigid motion qr and elastic deformation qf in the
following way
q= qr + qf : ð6Þ
Considering the passive flexible multibody system (Eqs. (2) and (3)) and the augmented coordinates qa = ½qλT , the GMP is
defined as the following mapping,
ðθ; δÞ↦ qλ
 
= ρðθÞ0
 
+ Ψ
qδðθÞ
ΨλδðθÞ
" #
δ ð7Þ
where θ are the independent parameters related to the actuation and to the machine configuration, ρ is the mapping between the
rigid motion and the independent parameters, qr = ρðθÞ, δ are the modal coordinates, and theΨqδ and Ψλδ are the flexible mode
shape matrices which depend on the configuration.
The DOFs can be rearranged in qa = ½θqg qiaT , where θ are the independent parameters (they should be kept since they
represent the actuators), qg are the constraint DOFs (they should be kept in case additional external loads are required) and qia are
the remaining internal DOFs including the Lagrange multipliers (they can be condensed during the reduction procedure).
Accordingly, rigid modesΨθ, constraint modesΨγ and internal modes [Ψι Ψε], divided into lower and higher-order modes, can be
calculated (details in [3,15]). The model reduction relies on a truncation of the higher-order internal modes.
Performing the modal transformation, q= Ψη, where η=[θ δ]T and Ψ=[ΨθΨγΨι], the equations of motion (Eqs. (2) and (3),
uff = 0) yield the reduced model:
M
ηηðθÞ : :η + CηηðθÞ :η + KηηðθÞη = uðθÞ ð8Þ
where uðθÞ denotes the actuator forces, which includes uff and ufb.Mηη,Cηη andKηη are the reduced mass, damping and stiffness
matrices, respectively. This equation of motion is linear w.r.t. modal velocities, since gyroscopic forces have been neglected. Eq. (8)
can be rewritten in state-space form:
:
x= 0−ðMηηðθÞÞ−1KηηðθÞ
I
−ðMηηðθÞÞ−1CηηðθÞ
 
x +
+ 0−ðMηηðθÞÞ−1
 
u
ð9Þ
y= Lq= L Ψ0½ x ð10Þ
where x= ½η :η T and the matrix L determine which states (or combination of states) are going to populate the vector y.
According to [21], LPV identification techniques can be mainly classified in two kinds: (1) techniques that identify LPV models
based on one set of data of the system with time-varying parameters and (2) techniques that identify LPV models based on
different fixed sets of data of the system for different values of the varying parameter. The selected strategy to deal with the
varying dynamics in this work is in linewith the second kind. For each given configuration θk evaluated at each time step k, Eqs. (9)
and (10) define a low-order linearized continuous-time state-spacemodel. In other words, for each time step k, a reducedmodel is
extracted according to the system configuration. For instance, if the sample period of the discrete simulation is Ts=0.001 and the
trajectory takes 0.1 s to be performed, 100 configurations have to be evaluated, and therefore, 100 reduced models have to be
extracted.
With a zero-order hold on the input, each reduced model can be converted to a discrete-time one, yielding
xk + 1 = Akxk + Bkuk and yk = Ckxk + Dkuk, and used for control design, as described in Section 2.3.
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2.3. Polynomial spline-based input design
The objective is to design a smooth input signal uff over a total simulation time tK, such that the error between plant output yk
and the reference trajectory rk is kept below a certain threshold. The subindex k is related to the time step, which can vary from 0
to K.
In order to ensure smoothness and to describe the optimization problem as a linear program, [12] has proposed a piecewise-
linear continuous parametrization of the M-th derivative of the input signal uðMÞff ðtÞ, using B-splines of order 2:
u
ðMÞ
ff ðtÞ = ∑
K
k=0
u
ðMÞ
ff kβkðtÞ ð11Þ
where βk(t) denotes a B-spline of order 2 (see [12]). In this way, uff ðtÞ is a polynomial spline of order M+2. In order to define this
polynomial spline, Eq. (13) needs to be integrated M times, yielding K+M+1 independent variables.
In order to guarantee the feedforward signal smoothness, two criteria are evaluated: the infinity norm of uðM + 1Þff and the one
norm of uðM + 2Þff . The former keeps the maximum absolute value of u
ðM + 1Þ
ff small and the latter penalizes erratic and sharp
behavior. Both criteria can be described as linear goal functions augmented with constraints [22].
The linear optimization program yields [12]:
min
uff ;w;v;x;y
w + γ∑
K−1
k=1
vk ð12Þ
s.t.
−w≤uðM + 1Þff k≤w; k = 1…K ð13Þ
−vk≤u
ðM + 2Þ
ff k≤vk; k = 1…K−1 ð14Þ
u
ðmÞ
ff 0 = 0; u
ðmÞ
ff K = 0; 0≤m≤M ð15Þ
−uff≤uff k≤uff ; k = 0…K ð16Þ
xk + 1 = Akxk + Bkuff k; k = 0…K−1 ð17Þ
yk = Ckxk + Dkuff k; k = 0…K ð18Þ
x0 = x

0 ð19Þ
−ε≤rk−yk≤ε; k = 0…K ð20Þ
where uff is the input signal to be designed,w and v are the variables to beminimized in the goal function, which are related to the
linear goal functions that guarantee the signal smoothness, x and y are the system state and the output variables at every time
step. Values of γ∈ [0.001,0.1] avoid erratic and sharp signals. Inequalities (13)–(14) describe the linear goals related to the infinity
norm of uðM + 1Þff and the one norm of u
ðM + 2Þ
ff , respectively. Eq. (15) and Inequality. (16) specify the boundary conditions and the
maximum value of the input signal. Eqs. (17)–(19) are related to the systemmodel, which may present varying dynamics, and its
initial conditions. The state-space matrices can be adapted at every time step; therefore, coping with the simulation of systems
with varying dynamics. It is important to highlight that in order to obtain a linear optimization problem, the variation of the state-
space matrices needs to be known in advance, so that Eqs. (17) and (18) are linear in the optimization variables. This is usually the
case in trajectory planning applications, such as described in this paper. And finally, Eq. (20) guarantees that the tracking error is
below a threshold.
3. Pick-and-place parallel manipulator: modeling details, input design and evaluation
The proposed flexible model-based input design methodology is applied to a 2-DOF high-speed parallel manipulator (Fig. 1).
Two servo motors drive the active inner arms (see Figs. 1 and 4a) and the platform moves in the x–z plane. In order to guarantee
this planar motion, the rotations of the passive inner arms are coupled by belts. The motor positions are measured by encoders
(see θ1 and θ2 in Fig. 2). The outer arms are connected by spherical joints. The arms are made of carbon fiber and the platform of
aluminum. More details on this prototype and its design can be found in [14], including rigid-body kinematic and dynamic
analyses.
The objective is to move the platform according to a pre-defined trajectory, shown in Fig. 5, reaching accelerations of 300 m/s2.
The trajectory starts from the coordinate (0.35, −0.70) and goes to the coordinate (−0.035, −0.70).
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3.1. Mechanical model
A flexible multibody model has been built to simulate the pick-and-place robot motion. The arms are modeled using beam
elements and the platform as a rigid body. The present prototype, Case 2 in Table 1, has the following dimensions: the length of the
active and passive inner arms is 0.39 m; the length of the active and passive outer arms is 0.87 m; the distance between themotors
is 0.35 m and the platform measures 0.10×0.085 m (xy-directions). The platform, the inner arms and the outer arms weigh 0.50,
0.82 and 0.14 kg, respectively. The inertia of each motor is 0.19 kg m2. The beam stiffness has been adjusted such that the first two
resonance frequencies and mode shapes match experimental results (errors b1%). The first two mode shapes of the system, in a
specific configuration, are illustrated in Fig. 4b and c. The exact values of resonance frequency are omitted for confidentiality
reasons but both are higher than 30 Hz.
For the selected model-based input design, the use of a model containing several DOFs would lead to a time-consuming
optimization problem, since the states of every time step, which are related to the model size, are variables (Eqs. (12)–(20)).
Therefore, the full flexible multibody model, which contains several DOFs, cannot be directly used for model-based input design.
For this reason, reduced models have been derived using the technique described in Section 2.2. During the model reduction
procedure, 2 rigid-body modes, representing the inputs, and 2 flexible modes are kept for each time step. The reduced models
contain 8 states, 2 inputs (the motors torques) and 4 outputs (2 encoder measurements and the platform position in x- and z-
directions). In this way, for each time step, there are 8 states that are variables to be found by the optimization solver. It is
important to highlight that the simulation time of both the full and the reduced models is about a couple of seconds. The model
reduction step is exclusively performed to enable the optimization process, reducing the number of states that are variables during
the optimization procedure.
In order to evaluate the accuracy of the reduced model, a comparison between time-domain responses (encoder
measurements) is depicted in Fig. 6. The torques, also shown in Fig. 6, have been applied in both full and reduced models. For
every time step (every 0.001 s), a reduced model is extracted from the full flexible multibody model at the desired configuration
Fig. 5. Pre-defined platform trajectory.
Fig. 4. (a) Scheme of the Par2: the inner and outer arms, (b) mode shape related to the 1st resonance frequency and (c) mode shape related to the 2nd
resonance frequency.
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and discretized (sampling frequency is 1000 Hz). Considering a simulation time of 0.155 s, 155 reduced models are extracted,
discretized and evaluated during the simulation. The good agreement between the responses demonstrates that the model
reduction procedure is adequate for deriving accurate and reasonably sized models for this case study.
3.2. The importance of taking into account the system flexibilities
The main premise of feedforward control is that a model of the system is known. Moreover, feedforward control is typically
used in combination with feedback control, since the latter guarantees stability and disturbance attenuation (see Fig. 3). Some
unmodeled dynamics are eventually corrected by feedback signals. The more accurate the models are, the less feedback signal is
required avoiding, among others, delays and overshoots. In this way, feedforward design is usually performed using the best
feasible model, reducing the feedback signals and improving the system response.
Two kinds of models could be considered during model-based input design in the case study: rigid or flexible models. In order
to evaluate both models and highlight the importance of considering the flexibilities, the platform position of both rigid and
flexible multibody models are depicted in Fig. 7. The inputs, which are the same for both models, are also shown in Fig. 7. These
inputs are the feedforward signals obtained using the rigid model according to the desired trajectory shown in Fig. 5. The
derivation of these signals can be accomplished by evaluating the kinematics and dynamics of the machine as demonstrated by
[14]. Fig. 7 shows that if the feedforward signal calculated using the rigid model is employed, the response of the flexible model is
not accurate. In other words, if these feedforward signals are employed in a combination of feedback and feedforward controllers,
the feedback action will necessarily try to correct the system response acting against the feedforward signal, generating delays,
possibly higher overshoots and eventually leading to a less performing system.
Using the selected model reduction approach and proposed model-based input design, it is feasible to include the flexibilities
during feedforward design. In this way, the feedforward signal is designed using very accurate but yet limited sized models.
3.3. Integrated design
In order to illustrate the potential of this design tool, the system design has been re-evaluated considering structural
parameters and objectives/constraints from the model-based input design problem. Some case studies, described in Table 1, are
evaluated considering as structural variables the length of the arms.
The design objective is to cope with a pre-defined platform trajectory depicted in Fig. 5. It is desired that the order of the
polynomial describing the input signals uff ðtÞ is at least 4, yielding M=2. The total simulation time is tK=0.155 s, the sample
Table 1
Platform tracking error and maximum required torque for the different case studies.
Set of structural parameters Tracking Maximum
Case
#
Active arms [m] Passive arms [m] Error
[m]
Torque
[Nm]
Inner Outer Inner Outer
1 0.23 1.03 0.23 1.03 0.025 248
2 0.39 0.87 0.39 0.87 0.030 221
3 0.55 0.71 0.55 0.71 0.038 222
4 0.71 0.55 0.71 0.55 0.040 229
5 0.87 0.39 0.87 0.39 0.050 335
Fig. 6. Comparison between the full flexible multibody model and the reduced model.
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period of the discrete system is Ts=0.001 and K=155. A reduced model has been extracted for every time step, yielding 155
reducedmodels. Thesemodels are used for evaluating the system dynamics (Eqs. (17) and (18)). The parameter γ=0.1 is selected
avoiding erratic behavior. The initial states are null (x0 = 0 in Eq. (19)) and the initial and final values of the inputs uff and their
derivatives are null (uð0;1;2Þff 0 = 0 and u
ð0;1;2Þ
ff K = 0 in Eq. (15)). No maximum desired torque is imposed.
The tracking error between the pre-defined platform trajectory rk and the platform simulated positions yk should be smaller
than 0.05 (ε=0.05 in Eq. (20)). The solution of this optimization problem consists of the state variables xk, the boundsw and v, the
input signals uk, the system outputs yk and the tracking error rk−yk in all time steps (k=0…K). This optimization problem is
modeled inMatlab using Yalmip toolbox [23] and solved usingMosek, a commercial code for solving large-scale convex problems.
Considering 155 time steps and reduced models with 8 states, 2 inputs and 4 outputs, the flexible model-based input
design optimization problem presents over 2000 variables. A non-convex optimization problem containing 2000 variables
would be very time-consuming. However, since this optimization problem can be described as a convex optimization, its
solution can be found in a reasonable time. This large-scale convex problem can be solved using Mosek and it takes about
2 min to be solved.
The aim is to evaluate the tradeoff between the maximum required torque and the platform tracking error, shown in Table 1.
The maximum required torque is defined by the maximum value of uff and the tracking error is defined as the maximum error
between the desired and the calculated platform position. Cases 3, 4 and 5 present worse performances than the Case 2 (the
nominal case). Case 1 presents better tracking behavior but requires more torque. It can be concluded from Table 1 that
modifications on the length of the arms cause major changes in the system performance. In this way, using the proposed
simulation platform, design tradeoffs of PKMs can be evaluated quantitatively during the design phase.
4. Experimental validation
In order to experimentally validate the control design methodology, the pre-defined platform desired trajectory is selected
(Figs. 5 and 8). This platform desired motion in xz-direction is used as reference for the optimization problem (r in Eq. (20)). Since
a payload of 1 kg has been attached to the platform, the x-direction acceleration is limited to 200 m/s2, for security reasons. Based
Fig. 7. Comparison between the rigid and flexible multibody models.
Fig. 8. Comparison between the two control strategies: (ufb) feedback and (ufb + uff ) combined feedback and feedforward strategies.
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on this trajectory and on the flexible multibody model, the desired encoder measurements can also be derived (Fig. 9). Using the
proposed methodology, the following steps have been taken:
(1) reduced models have been extracted from the full flexible multibody model for each configuration involved during the
trajectory evaluation; and
(2) based on these reduced models, flexible model-based inputs uff have been derived using Eqs. (12)–(20).
It is desired that the order of the polynomial describing the input signals uff ðtÞ is at least 4, yielding M=2. For such 200 m/s2
desired trajectory, the total simulation/experiment time is tK=0.5 s, the sample period of the discrete system is Ts=0.001 and
K=500. A reduced model has been extracted for every time step, yielding 500 reduced models. These models are used for
evaluating the system varying dynamics (Eqs. (17)–(19)).
As chosen previously, the parameter γ=0.1. In the same way, the initial states, the initial and final values of the inputs and
their derivatives are null. The maximum torque is u ff =300 Nm (Eq. (15)). The tracking error should be smaller than 0.05.
Remembering that the solution of this optimization problem consists of the state variables xk, w, v, uk, yk and rk−yk for all time
steps (k=0…K). Oncemore, this optimization problem ismodeled using Yalmip (Matlab) and solved usingMosek. The solution of
this optimization problem takes about 10 min.
The calculated input signals uff have been applied to the 2-DOF high-speed parallel manipulator during an experimental
campaign (Fig. 1 and Movie). Two strategies have been experimentally compared: the feedback strategy (ufb) and the combined
feedback and feedforward (input signal) strategy (uff + ufb). The same feedback algorithm (PID) and gains are used in both
strategies. The feedback signals are the encoder measurements. The feedback gains have been tuned empirically and are not
optimal. However, this non-optimality is not an issue, since the main objective of this comparison is to evaluate the feasibility and
performance of the proposed control strategy.
A K600 camera system, able to measure the end-point position, has been used to acquire the platform position. This system,
commercialized by Nikon Metrology, is a 3D measurement system based on three linear CCD cameras. By triangulation the
position of an infrared LED in space is calculated. This can be a static or a dynamic measurement (up to 1000 Hz) and its
resolution is about 0.002 mm. The system range lies on a volume of 17 m3 and its accuracy depends on the distance between the
camera and the LED position. The comparison between the platform position for both the feedback strategy (ufb) and the
combined feedback and feedforward strategy (uff + ufb) is shown in Fig. 8. This comparison shows that the combined feedback
and feedforward strategy results in a better tracking strategy. The errors between the actual, with both strategies, and the
desired trajectories in x- and z-directions are depicted in Fig. 9. Quantitatively, improvements that at least 30% can be observed
in Fig. 9.
The calculated desired encoder signals, their experimental measurements and the error between these signals are depicted in
Fig. 10. This comparison also shows that the tracking behavior can be improved by adding the flexible model-based input signal to
the system.
5. Conclusions
Recently, a simulation platform and control design guidelines for the systematic design and evaluation of mechatronic systems
with varying dynamics have been proposed. The present work extends and illustrates this approach for designing parallel
manipulators and flexible model-based input design strategies.
Fig. 9. The errors between the actual, with both strategies (ufb and ufb + uff ), and the desired trajectories in (a) x-direction and (b) z-direction.
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The proposed approach relies on the derivation of a concise description of the passive system that is used during the flexible
model-based control design. To accomplish this, a model-order reduction technique, based on Global Modal Parametrization, is
employed on a flexible multibody model. A model-based input signal, based on a spline optimization, is derived for MIMO flexible
systems.
In order to illustrate the potential of the proposed methodology towards the integrated design of mechatronic systems with
varying dynamics, some possible machine designs of a 2-DOF pick-and-place parallel manipulator have been evaluated.
The experimental campaign results show that the flexible model-based spline input signal enhances the tracking robot ability,
reducing drastically the tracking errors measured at the machine platform and encoders. This result validates the proposed
approach and shows the benefits and feasibility of considering flexibility during input design.
In this work a 2-DOF flexible PKM has been selected as the studied case. But it is important to highlight that there is nothing
preventing the employment of the proposed methodology to systems with more actuators. In the model reduction step, all
actuators' DOFs, θ, should be kept, yielding reducedmodels containingmore states, more inputs and probablymore outputs. In the
flexible model-based input design step, all states, inputs and outputs are variables in every time step, therefore, the larger the
number of actuators' DOFs, the larger the number of variables. This means that the optimization would take longer, but since this
problem is stated as a convex optimization program, it would still be feasible to solve it in a reasonable amount of time.
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